ABSTRACT The aggregates and gels commonly observed during protein crystallization have generally been considered disordered phases without further characterization. Here their physical nature is addressed by investigating protein salting-out in ammonium sulfate and sodium chloride for six proteins (ovalbumin, ribonuclease A, soybean trypsin inhibitor, lysozyme, and b-lactoglobulin A and B) at 4°C, 23°C, and 37°C. When interpreted within the framework of a theoretical phase diagram obtained for colloidal particles displaying short-range attractive interactions, the results show that the formation of aggregates can be interpreted theoretically in terms of a gas-liquid phase separation for aggregates that are amorphous or gel-like. A notable additional feature is the existence of a second aggregation line observed for both ovalbumin and ribonuclease A in ammonium sulfate, interpreted theoretically as the spinodal. Further investigation of ovalbumin and lysozyme reveals that the formation of aggregates can be interpreted, in light of theoretical results from mode-coupling theory, as a kinetically trapped state or a gel phase that occurs through the intermediate of a gas-liquid phase separation. Despite the limitations of simple theoretical models of shortrange attractive interactions, such as their inability to reproduce the effect of temperature, they provide a framework useful to describe the main features of protein phase behavior.
INTRODUCTION
The solubility of proteins has been the subject of measurements for more than a century, and the concept played a prominent role in the development of protein physical chemistry (1, 2) . Early investigations led to a few systematic measurements of protein solubility, particularly as a function of variables such as salt concentration, pH, or temperature (2, 3) . Some classic examples are still regularly cited, such as the work of Green on hemoglobin (4, 5) or of Hofmeister on ovalbumin (6, 7) . However, the reliability of those studies is sometimes impaired by the limited purity of the proteins then used, as suggested by the often reported dependence of the protein crystal solubility on the initial protein concentration (8, 9) .
The solubility of precipitates, which can correspond to aggregates, gels, or liquid-liquid phase separation, has sometimes been measured (10) (11) (12) , but it is only recently that the idea that their formation might correspond to a welldefined phase transition has emerged. Note that the phase behavior reported here concerns native proteins that do not undergo any significant conformational changes. Nonnative aggregation that can lead to gels, amorphous aggregates, or amyloid fibrils (13) (14) (15) ) is a fundamentally different physical phenomenon beyond the scope of this work.
The formation of native precipitates is typically interpreted as a positive sign in the search for conditions yielding crystals, and it is often used to optimize the concentration of a precipitant (16, 17) . The physical origin of such aggregates was first explored 3 decades ago when the existence of metastable liquid-liquid phase separations was demonstrated for different g-crystallins (18) (19) (20) (21) and lysozyme (21) (22) (23) (24) (25) . Further investigation demonstrated that in the proximity of such liquid-liquid phase separations, those proteins behave as expected in terms of the theory of critical phenomena (26, 27) . Liquid-liquid phase separations of proteins could therefore be concluded to follow the same physics as other types of phase transitions (28) .
The phase behavior of g-crystallins, lysozyme (25, (29) (30) (31) (32) (33) (34) (35) (36) , and more recently bovine pancreatic trypsin inhibitor (BPTI) (37, 38) has been investigated. However, these studies generally dealt specifically with liquid-liquid phase separations, and the formation of gels has been reported in only a few cases for lysozyme in sodium chloride (25, 39, 40) . In a recent investigation of the kinetics of lysozyme precipitation in ammonium sulfate, it was also suggested that the formation of aggregates corresponds to a frustrated liquid-liquid phase separation (41) , but there has not been any extensive experimental investigation of the physical origin of aggregates, gels, and liquid-liquid phase separations. The main objective of this work is to compare experimental phase behavior observed for different proteins in light of recent theoretical developments in colloid phase behavior.
The potential of mean force (PMF) between protein molecules (42) is the central element in calculating protein phase diagrams. Because the PMF is a complex function of all the forces acting on protein molecules, its expression has to be approximated, and theoretical investigations of colloid phase behavior that aim to describe protein solutions are based on extremely simple expressions. PMF models typically neglect most of the complexity of protein interactions but still capture the general shape of the interaction potential. The PMF also governs the values of the second osmotic virial coefficient, b 2 , which can be measured independently, and in this work data from the literature are used to show the effects of the additives investigated for some of the proteins considered.
Several different potentials have been used to qualitatively explain both protein phase behavior and the notion of the crystallization slot (43, 44) , which correlates b 2 with solution conditions favorable to protein crystallization (45) (46) (47) (48) (49) (50) (51) . The phase diagrams predicted by these models, in the limit of very short-range attraction, are quite similar qualitatively, and the phase diagram calculated by Foffi et al. (52) (Fig. 1) for a short-range attractive Yukawa potential
is used here as a reference to interpret the experimental phase behavior of proteins. In this expression, in which U(r) is independent of temperature, r is the protein center-to-center separation distance, e is the well depth of the Yukawa potential, s is the protein hardcore diameter, and b À1 is a measure of the range of the Yukawa potential. In Fig. 1 , which was obtained for bs ¼ 7.5, the dimensionless temperature T* ¼ k B T/e is plotted for the different phase boundaries as a function of the protein volume fraction, F. This picture of the phase diagram should be well suited to describe protein phase behavior during protein salting-out when electrostatic interactions are screened (53, 54) . However, small changes in the PMF can have large effects on the phase diagram (55) .
By definition, decreasing T* is equivalent to decreasing temperature or increasing the attraction between proteins, and both interpretations are useful in interpreting the experimental phase behavior of proteins. However, because most of the results in this work are obtained at constant temperature as a function of increasing salt concentration, decreasing T* will, at least initially, be interpreted as increasingly attractive interactions.
Different regions can be distinguished in the phase diagram in Fig. 1 . The fluid-solid equilibrium (F, S) corresponds to protein crystals in equilibrium with their supernatant, so the solid line F represents the solubility. However, for most proteins nucleation does not occur readily, so the metastable region below the solubility and solid lines is almost always accessible. The gas-liquid phase separation (G, L) occurs if T* continues to decrease below the solubility line, although it corresponds to a thermodynamically metastable state. Experimentally, this transition is manifested as a liquid-liquid phase separation between a liquid dilute in protein (the theoretical gas) and a dense liquid rich in protein (the theoretical liquid). The metastability of the gas-liquid phase separation is found theoretically for the Yukawa potential when the range of the interactions is ,;1/6 of the hard-core diameter (52, 56) . As a consequence, the metastability of the liquid-liquid phase separation observed for g-crystallins, lysozyme, and BPTI has been viewed as a direct consequence of the short-range nature of protein interactions.
Two main regions can be distinguished below the gasliquid binodal. Between the binodal (G, L) and the spinodal (dashed line), the gas-liquid phase separation occurs by nucleation of small drops of the dense liquid phase, which grow until the solution reaches equilibrium, whereas below the spinodal, the phase separation occurs instantaneously through spinodal decomposition. As a consequence, the kinetics of the gas-liquid phase separation differs depending on the mechanism by which the phase separation occurs.
In addition to these equilibria, the nonequilibrium states displayed by colloidal systems have recently been the subject of renewed interest, stimulated by theoretical results from mode coupling theory (MCT) (52, (57) (58) (59) (60) (61) . Several articles present a clear picture of the theoretical phase diagram and the expected routes to gel formation relevant to protein solutions (52, 62) . The gelation line calculated from MCT divides the theoretical phase diagram into two regions (Fig. 1) . The region on the right side corresponds to a dynamically arrested state in which the solution forms a gel or glassy phase. Moreover, because the gelation line intersects the binodal, when a gas-liquid phase separation occurs, two situations are possible. For T* values above the intersection of the gelation line with the binodal, gas-liquid phase separation occurs as described previously. Below the intersection of the binodal with the gelation line, the liquid phase cannot form, and the gas-liquid phase separation leads instead to the formation of a gel that can be viewed as a frustrated liquid. According to this scenario, the protein concentration in the dense gel phase should correspond to that at the intersection of the gas-liquid tie line with the gelation line. (67, 68) , and lysozyme (pI 11, 14.3 kDa) (69) , and their phase behavior is investigated in ammonium sulfate solutions at pH 7. The phase behavior of lysozyme was also determined in sodium chloride at pH 7 to compare the results here with previous reports.
Ammonium sulfate, which is among the best crystallization agents (16, 70) , was chosen because of its strong saltingout properties; among the proteins studied, lysozyme is the only one to precipitate in sodium chloride. b-Lactoglobulin A and B, which differ only by two amino acids (Asp/Gly-64 and Val/Ala-118) (68) , and STI have also been reported to salt-in in the neighborhood of their isoelectric point (66, 67, 71, 72) , but the investigations here were restricted to pH 7, and consequently only protein salting-out is relevant.
The results are organized around four foci. First, the phase behavior for the six proteins is presented by documenting the appearance and kinetics of formation of the different phases. Second, the physical nature of the precipitates is investigated in more detail for ovalbumin and lysozyme. Third, the correlation between the positions of the aggregation and solubility lines and the second osmotic virial coefficient is discussed, and finally, failure of the theoretical phase diagram (Fig. 1) to capture the temperature dependence observed experimentally is emphasized to show the limit of current theoretical approaches.
MATERIALS AND METHODS

Proteins and chemicals
Ovalbumin was obtained from fresh single-comb white Leghorn eggs following the purification protocol used by Judge et al. (73, 74) . b-Lactoglobulin from bovine milk (L0130) and lysozyme from chicken egg white (L6876) were purchased from Sigma (St. Louis, MO), STI (21730) was obtained from USB (Cleveland, OH), and ribonuclease A (LS003433) was purchased from Worthington (Lakewood, NJ). Sodium chloride (S-271) and sodium phosphate (P-285) were obtained from Fisher Scientific (Hampton, NH). Ammonium sulfate (A-2939) was purchased from Sigma.
Protein purification
Lysozyme was the only protein found to be consistently free of impurities before purification. Others, even when specified as ultrapure by the manufacturer, had different degrees of impurities that could vary among lots. For this reason, all proteins were purified chromatographically using an Ä KTA Purifier from GE Healthcare (Piscataway, NJ). The only exceptions were the lysozyme solutions used to determine the protein concentration in the precipitate, which were only dialyzed.
Chromatography was performed at pH 7 using 5 mM sodium phosphate as the low-salt buffer and 2 M sodium chloride, 5 mM sodium phosphate as the high-salt buffer. Two resins, SP Sepharose FF and Q Sepharose FF (GE Healthcare) were used for cation and anion exchange of the basic and acidic proteins, respectively. Two types of columns, XK16 and XK 28 (GE Healthcare), were used. Once purified, the protein solutions were reconcentrated to 30-60 mg/mL using an Amicon stirred ultrafiltration cell (model 8200) equipped with a YM10 ultrafiltration membrane, both purchased from Millipore (Billerica, MA). The protein solutions were then dialyzed extensively against 5 mM sodium phosphate, pH 7, using a 10 mL Slide-A-Lyzer cassette from Pierce Biotechnology (Rockford, IL). The last step was to reconcentrate protein solutions up to 100-150 mg/mL using a 10k MWCO Amicon Ultra-4 centrifugal filter device from Millipore.
Concentrations were measured by ultraviolet (UV) absorbance at 280 nm using a Lambda 4B spectrophotometer from Perkin-Elmer (Foster City, CA). The extinction coefficients were taken as E 1% 1cm ¼ 7:35 for ovalbumin, 7.14 for ribonuclease A, 9.1 for STI, 26.0 for lysozyme, and 9.5 for b-lactoglobulin A and B (75) . The purity of the final material was checked by gel electrophoresis.
Phase behavior experiments
The samples for phase behavior observations were prepared by pipetting appropriate amounts of three different stock solutions that were mixed together in the order high salt, low salt, and concentrated protein stock solutions. Sodium phosphate, the pK a values of which are known to depend little on temperature, was used in all the experiments, with the same buffer concentration (5 or 100 mM sodium phosphate) in the three different stock solutions. A total volume of 200 mL was prepared in 0.5 mL tubes (05-408-120) from Fisher Scientific for each sample, and all of them were mixed immediately at the end of the preparation procedure.
For each sample, between 7 and 10 mL were pipetted into a 72-well microplate (HR3-087) and covered with paraffin oil (HR3-421), both from Hampton Research (Aliso Viejo, CA). The operation was repeated six times for each sample so that each column on the 72-well plate corresponded to the same solution condition. This was found to be an accurate way to ensure the consistency and reproducibility of the experimental observations and to follow their evolution over time.
The measurements as a function of temperature were performed by preparing three different microplates for each set of solution conditions. One was kept at room temperature for the measurements at 23°C, one was refrigerated for the measurements at 4°C, and the third was placed in an incubator for the measurements at 37°C.
The phase behavior was documented using a Leitz Laborlux S microscope equipped with a universal digital coupler (Mel Sobel Microscopes, Hicksville, NY) and a Nikon Coolpix 8700 digital camera (Nikon, Tokyo, Japan). All the microplates were observed just after preparation and then daily for the first week. The phase behavior was subsequently recorded regularly over a period of a few months.
The aggregation line was defined as the concentration at which the transition from clear to cloudy samples was seen, and the error bar for each point was taken as the concentration difference between neighboring samples. Because of the higher supersaturation necessary for nucleation of crystals, lysozyme crystal solubility in sodium chloride was obtained by measuring the UV absorbance at 280 nm of the supernatant of crystallized protein samples prepared in the 0.5 mL tubes as described above.
Protein concentration in the dense phase
The protein concentration in the precipitate was determined by UV absorbance at 280 nm after separating the aggregates by ultracentrifugation and then redissolving them in deionized water. Three samples of 1.4 mL each were prepared for each salt concentration, starting from the same stock solutions as in the phase behavior experiments (low salt, high salt, and concentrated protein solutions). For lysozyme and ovalbumin a thick precipitate formed upon preparation, so after 1-2 h the samples were centrifuged at 50,000 rpm, 23°C, for 30 min using an Optima L-100XP ultracentrifuge from Beckman-Coulter (Fullerton, CA). Polyallomer Konical centrifuge tubes (358117) with adapters (358152) were used to minimize protein consumption. The volumes of the supernatant and the aggregate pellet were measured. The supernatant was removed and the pellet was dissolved in 1 mL deionized water. The concentration of the solution thus obtained was measured by UV absorbance at 280 nm, and the equivalent protein concentration in the dense precipitate phase could be calculated.
RESULTS AND DISCUSSION
Forms of phase behavior
Phase diagrams were determined by preparing samples at given salt concentrations with different protein concentrations. For each salt concentration, each protein aggregates above a well-defined protein concentration. (Fig. 2) . Lysozyme in sodium chloride aggregates over a much wider range of salt concentrations from 1 to 4 M.
The aggregates visually had the same white appearance for all six proteins. The only exceptions were ovalbumin samples prepared close to the aggregation line, for which translucent aggregates formed at the surface of the tubes. However, ovalbumin aggregates with concentrations far from the precipitation line had the same visual appearance as those of the other proteins. All aggregates settled in less than a day after sample preparation, and they redissolved completely in deionized water. Despite these common features, the aggregates differed considerably among the different proteins in terms of their microscopic appearance and the kinetics of their formation. Fig. 3 illustrates ovalbumin phase behavior 20 min after preparation in 2.2 M ammonium sulfate with increasing protein concentration, corresponding to a vertical path on the phase diagram (Fig. 2) at the given salt concentration. The last well shown, at 49.9 mg/mL, as well as the samples prepared at higher protein concentrations, were cloudy immediately upon preparation. The instantaneous formation of aggregates occurs above a well-defined concentration, and a clear transition in the kinetics of aggregation exists between the eighth and ninth wells. The samples at slightly lower protein concentration also precipitated rapidly and, after 20 min, only the first four wells were still free of aggregates. Ultimately, after 1 day, only the first two wells remained clear, and the aggregation line is defined as the transition between the second and third wells; this is the basis for the error bars in Fig. 2 and similar plots that follow. Fig. 4 shows the evolution of the fifth well in Fig. 3 over a period of 10 days. The first aggregates, which were present after 20 min, grew gradually and formed gel beads that reached a size of ;50 mm after a few days. Similar observations were made in the third and fourth wells in Fig. 3 , albeit with a delay in the growth of the gel-like aggregates. The fifth, sixth, and seventh wells in Fig. 3 were clear just after preparation, but aggregates developed rapidly. At high magnification, those aggregates had the appearance of gel beads during the first few minutes after sample preparation. Nevertheless, the aggregates in those wells did not grow as large as did those at lower protein concentrations, and the microscopic gel beads that formed rapidly covered the entire surface of the well, so that the solution appeared cloudy. This is the reason for the appearance of the eighth well in Fig. 3 after 20 min, even though it was initially clear of aggregates. Fig. 5 A shows the phase behavior after 2 weeks for a solution of ovalbumin prepared close to the aggregation line. The gel-like structure is apparent in that the beads did not coalesce as they would if they were liquid. Fig. 5 B shows the sharp edges formed by a bead that was broken mechanically, and this shape was unchanged for a month after the pictures were taken.
Ovalbumin crystallized sporadically in some of the wells at pH 7. Fig. 6 shows the kinetics of crystal growth for a solution in which needle-like crystals grew from a clear solution. However, this behavior was not sufficiently consistent to allow the position of the solubility line to be determined.
The phase behavior observed for ribonuclease A has some similarities with that of ovalbumin, but the microscopic appearance of the aggregates is clearly different. Fig. 7 shows a vertical cut of the phase diagram of ribonuclease A (Fig. 2 ) at 1.6 M ammonium sulfate with increasing protein concentration 1 day after preparation. The last well and solutions prepared at higher protein concentrations were cloudy immediately upon preparation, as observed for ovalbumin. A clear transition in the kinetics of aggregation exists between the eighth and ninth wells. The sixth and seventh wells aggregated rapidly, and all the solutions at lower protein concentrations formed white-gray aggregates over a period of a few hours. The aggregates sedimented to the bottom of the wells within a day, and their appearance did not undergo any further changes after this initial period. Despite the differences in the microscopic appearances of ovalbumin and ribonuclease A aggregates, both proteins show a transition in the kinetics of aggregate formation at high protein concentrations. This transition, beyond which the solutions immediately became cloudy, was observed at a well-defined concentration. This concentration defines the second aggregation line that is shown for ovalbumin and ribonuclease A in Fig. 8 (the aggregation line shown in Fig. 2 will be referred to below as the first aggregation line). Between the first and second aggregation lines, ovalbumin and ribonuclease A aggregates correspond, respectively, to the formation of gel beads and fractal-like aggregates. Beyond the second aggregation line, the aggregates for both proteins had a white, shiny appearance that differed from the white-gray appearance in the first region. These previously unreported changes in ovalbumin and ribonuclease A phase behavior were made possible by this study's experimental protocol, which allows the entire surface of the phase diagram to be investigated systematically, and the evolution of the samples to be recorded over time.
The phase behavior obtained for STI, b-lactoglobulin A and B, and lysozyme was different in that only one aggregation line was observed experimentally. For STI the aggregates were similar in both their appearance and their formation kinetics to those obtained for ribonuclease A between the first and second aggregation lines. However, the phase behavior was investigated only over a restricted range of salt concentrations, and there may be an unobserved transition at higher salt concentrations.
For b-lactoglobulin A and B and lysozyme, aggregates formed almost instantaneously upon mixing even close to the first aggregation line, and no special characteristics were observed based on either the microscopic appearance or the kinetics of formation beyond the first aggregation line. The aggregates for these three proteins had a white, shiny appearance similar to that of ovalbumin and ribonuclease A aggregates beyond the second aggregation line.
Figs. 9 and 10 illustrate the kinetics of crystal formation for lysozyme in sodium chloride in the presence and absence of aggregates. Lysozyme crystallizes extremely easily in sodium chloride, and the results here are consistent with previous observations (11, 25, 32) . Fig. 9 shows that in the absence of aggregates, crystals appeared in less than a day from a clear solution, and they reached a critical size after a couple of days. Fig. 10 shows that when aggregates formed first, they dissolved over a period of a few days and fed the growth of the crystals.
The main question that arises from the observations here concerns the physical origin of the different transitions. Fig.  1 , which was explained in detail above, provides the theoretical framework needed to interpret the experimental results. Increasing the salt concentration in the range used here typically increases protein-protein attraction, presumably by hydration effects leading to salting-out (2, 76) . This would increase the depth of the potential e and thus decrease T* on the theoretical phase diagram. The protein concentrations typically explored experimentally (below ;150 mg/mL) correspond to small volume fractions, so it is chiefly the dilute F end of the phase diagram that is of interest. As the salt concentration is increased (decreasing T*), a solution at a given protein concentration first crosses the fluid-solid phase boundary, which corresponds to the solubility line (Fig. 1) . At a higher salt concentration, the solution reaches the gas-liquid phase boundary, where it should phase separate. The general shape of the first aggregation line (Fig. 2) is similar to the shape of the theoretical gas-liquid phase boundary, and the first aggregation line can consequently be identified as the gas-liquid phase separation, for which the liquid and the gas correspond to the aggregates and their supernatant, respectively. When the salt concentration is increased further, the solution finally reaches the spinodal, and the phase separation should be instantaneous. Following the previous analogy, the second aggregation line observed for ovalbumin and ribonuclease A can be interpreted as the spinodal line based on the difference in the kinetics of aggregation.
Despite the differences seen in the appearance of the aggregates among different proteins, the general shape of the theoretical phase diagram in Fig. 1 provides an overall picture of protein phase behavior that allows the different phase transitions to be identified. For ovalbumin and ribonuclease A, the two aggregation lines seem to reflect the difference in the aggregation kinetics when the gas-liquid phase separation occurs by nucleation or by spinodal decomposition. For b-lactoglobulin A and B and lysozyme, aggregates form rapidly beyond the first aggregation line, and the aggregation kinetics is such that the second aggregation line, if it exists, cannot be distinguished using the experimental procedures of this study.
The only spinodal decomposition measurements on proteins previously published were performed by light scattering as a function of temperature for lysozyme (22, 27, 77) and g IIcrystallin (18) , but the spinodal has been obtained for other (nonprotein) colloidal systems as a function of increasing precipitant concentration (78) (79) (80) (81) (82) . The identification of the second aggregation line as the spinodal is consistent with those results.
For lysozyme, which crystallizes readily in sodium chloride at pH 7, the formation of crystals from a clear solution (Fig. 9) corresponds to the region between the fluid-solid and the gas-liquid phase boundaries on the theoretical phase diagram. The formation of crystals in the presence of aggregates (Fig. 10) , on the other hand, corresponds to the region beyond the gas-liquid binodal. These results show that more than one route is available to crystallize proteins, and the presence of aggregates is not a barrier to protein crystallization. Conversely, aggregates can feed crystal growth.
However, crystallization depends on the existence of crystal contacts to allow the formation of a crystalline network and on nucleation to initiate this process. The intrinsic anisotropy of the crystal contacts makes use of the phase diagram based on an isotropic potential questionable, and this is compounded by the uncertainties inherent in representing nucleation on the phase diagram. Therefore, despite the importance of these issues, they were not addressed in this investigation.
Experimental gelation line for ovalbumin and lysozyme
The theoretical picture of protein phase behavior in Fig.  1 matches most of the experimental observations in that it reproduces the shape of the aggregation line and explains the existence of a second aggregation line. However, the appearance of the aggregates for ovalbumin suggests that the dense phase corresponds not to a liquid but to a gel. When ultracentrifuged, protein aggregates form a pellet instead of two clear phases separated by a sharp meniscus, which would be a signature of a liquid-liquid phase separation. Both those observations suggest that the observed protein aggregates do not correspond to a liquid-liquid phase separation as reported for lysozyme in sodium chloride (22, 23, 25) .
As discussed in the Introduction, two situations are possible according to the theoretical phase diagram (Fig.  1) . Above the intersection of the binodal with the gelation line, gas-liquid phase separation occurs, whereas below the intersection, the gas-liquid phase separation leads to the formation of a dynamically arrested phase corresponding to a gel. The protein concentration in the gel phase should correspond to that at the intersection of the gas-liquid phase separation tie line with the gelation line.
An experimental approach to test the physical nature of the dense aggregate phase, suggested by the relative slopes of the gas-liquid and gelation lines (Fig. 1) , is to measure the protein concentration in the dense phase as a function of increasing salt concentration. If the protein concentration increases with salt concentration, this would be consistent with a gas-liquid phase separation, and the aggregates can be identified as a liquid phase. A decrease in protein concentration in the dense phase with increasing salt concentration, on the other hand, would be consistent with the gas-liquid phase boundary intersecting the gelation line, and the aggregates can be identified as a gel phase.
The nature of the dense aggregate phase was investigated for ovalbumin in ammonium sulfate and lysozyme in ammonium sulfate and sodium chloride. For ovalbumin at pH 7 (Fig. 11 A) and for lysozyme in ammonium sulfate (Fig.  11 B) , the protein concentration in the dense phase decreased with increasing ammonium sulfate concentration. However, for lysozyme in sodium chloride (Fig. 11 C) the protein concentration in the dense phase increases as the concentration of sodium chloride increased from 0.8 to 1.6 M, but it decreased above 1.6 M sodium chloride. The appearance of lysozyme aggregates upon preparation was the same below and above 1.6 M sodium chloride, but a change was observed in the appearance after centrifugation. Between 0.8 and 1.6 M sodium chloride, the lower phase was translucent, whereas above 1.6 M sodium chloride it had a white, shiny appearance similar to that before centrifugation.
These observations indicate that ovalbumin and lysozyme aggregates in ammonium sulfate result from a gas-liquid phase separation in which the dense phase does not reach the liquid state but instead is kinetically trapped as a gel phase. On the other hand, the results suggest that two regions should be distinguished when considering lysozyme aggregates in sodium chloride, namely a dense liquid between 0.8 and 1.6 M NaCl and a dynamically arrested gel phase above 1.6 M NaCl. Because the protein concentrations in the dense phases were determined after centrifugation, there is some uncertainty regarding how accurately the plotted dense phase concentrations represent the phases formed. Specifically, although the concentration in the liquid phase should not be affected by centrifugation, the apparent concentration in the gel may be changed due to a change in the microstructure, but despite this limitation, the global trend should remain the same. Fig. 11 D, which contains the same basic information as Fig. 1 , illustrates the relative positions of the theoretical phases. The right axis shows the protein concentration in mg/ mL, based on lysozyme. The comparison between Fig. 11 D and the experimental results for ovalbumin and lysozyme allows the general shape of the phase diagram to be recognized and the different transitions to be identified.
As seen for ovalbumin and lysozyme aggregates in ammonium sulfate, the appearance of the aggregates can be different even if they have the same physical nature. Ovalbumin aggregates have a gel-like structure, whereas lysozyme aggregates have a white, shiny appearance, and both are described theoretically as a gel phase. This suggests that there is no difference, except in appearance, between gel bead aggregates that are often observed in crystallization screens and other types of native protein aggregates.
In contrast, some aggregates may have the same visual appearance and differ in their physical nature. For example, over the range of salt concentrations investigated, lysozyme in sodium chloride formed aggregates that had a white, shiny appearance after preparation, but Fig. 11 C reveals that the aggregates correspond to a liquid below ;1.6 M sodium (Fig. 1) oriented in the same direction as the experimental data. chloride and to a gel phase above this concentration. Taratuta et al. (23) , in their early experiments on lysozyme liquidliquid phase separation in sodium chloride, obtained a sharp meniscus between two clear liquids only after ultracentrifugation (23) . If the solution was not centrifuged, lysozyme crystallized before the phase separation occurred because of the high viscosity of the dense liquid phase.
The experimental investigations of lysozyme liquid-liquid phase separation previously published were performed at relatively low sodium chloride concentrations and high protein concentrations (22, 23, 25) . There is consequently no discrepancy with the results of this work showing the existence of a gel phase at high salt concentrations. These results are also consistent with those of Sedgwick et al. (40) , but the origin of the gel formation that was previously reported for lysozyme in sodium chloride by Muschol and Rosenberger and by Kulkarni et al. remains unclear (25, 39) . This might be due to lysozyme clustering at high protein concentrations (83, 84) .
Although the results show the existence of a liquid-liquid phase separation for lysozyme in sodium chloride, its existence for lysozyme and ovalbumin in ammonium sulfate remains hypothetical. Fig. 11, A and B, shows that over the range of ammonium sulfate concentrations investigated the aggregates correspond to a gel. A liquid-liquid phase separation may be detected in a small window at lower salt concentrations and higher protein concentrations. However, its existence is possible only if the gelation line intersects the binodal at a volume fraction above the critical point.
The effect of the range of the interaction potential on the gelation line was investigated theoretically by Noro et al. (85) and by Foffi et al. (52, 86) . They found that for a very short-ranged attraction the gelation line can intersect the binodal at a volume fraction below the critical point, in which case a liquid-liquid phase separation is impossible and a gas-liquid phase separation systematically leads to the formation of a gel. However, parameters such as protein anisotropy can come into play (87) (88) (89) , and as theoretical phase diagrams are based on highly idealized representations of the interaction potential between proteins, only qualitative comparisons are meaningful. It is not possible to conclude in the absence of experimental evidence whether or not a liquid-liquid phase separation should occur for ovalbumin and lysozyme in ammonium sulfate. Ideally, predictive approaches should be based on realistic pair potentials, including structural information, but only a few advanced calculations of protein phase behavior have been attempted to represent protein interactions more realistically (87) (88) (89) .
Most of the phase diagram also corresponds to concentrated protein solutions (Fig. 11) , whereas practical applications such as protein crystallization are generally performed at very low volume fractions. In typical crystallization experiments the starting protein concentration is 10-40 mg/ mL (17) , which corresponds to a volume fraction of ;0.007- 0.03 (Fig. 11 D) . Fig. 11, A and B, shows that the aggregates obtained for ovalbumin and lysozyme in ammonium sulfate starting from a solution at such a concentration correspond to a gel, and the same applies to lysozyme in sodium chloride. In this context, the precipitates observed during crystallization trials using salt precipitants likely correspond to gel phases.
Comparison between b 2 and the aggregation line
The comparison between experimental and theoretical phase diagrams given here is based on the correspondence between decreasing T* and increasing salt concentration. This is based implicitly on the increasingly attractive trend in protein interactions with increasing salt concentration during protein salting-out, which is the only aspect of the phase behavior investigated here. The osmotic second virial coefficient provides an experimental measure of protein interactions that can be correlated with the resulting phase behavior. The second osmotic virial coefficient is expressed here as the dimensionless quantity b 2 ¼ B 22 =B Among the six proteins investigated here, b 2 has been reported at pH 7 for ovalbumin, ribonuclease A, lysozyme in ammonium sulfate (76, 90) , and lysozyme in sodium chloride (91) . Fig. 12 shows the comparison between the literature b 2 values for these systems and the aggregation lines obtained under the same solution conditions. The lysozyme crystal solubility in sodium chloride at pH 7 is also compared to the corresponding b 2 values in Fig. 12 D. The comparison shows that for these three proteins, aggregation occurs in the general vicinity of the b 2 drop toward negative values. This correlation, which is in the spirit of the crystallization slot defined by George and Wilson (43, 44) , is not surprising as it indicates that proteins precipitate when interactions become more attractive. However, for some proteins the b 2 drop is followed immediately by precipitation, whereas for others it happens at significantly higher salt concentrations, showing that each protein has distinctive precipitation behavior.
The phase behavior depends in a complex fashion on the heterogeneity and anisotropy of protein interactions. Because, b 2 is only a highly averaged measure of protein interactions that provides an incomplete picture of protein interactions, it is an imperfect predictor of protein phase behavior. There is nevertheless sufficient agreement to identify an equivalence of the information obtained from b 2 and from the aggregation line. Therefore, both can be used to indicate the region favorable to protein crystallization (16, 17, 43, 44) .
Based on the theoretical phase diagram (Fig. 1) , the area below the solubility line corresponds to the metastable region in which proteins may crystallize if nucleation occurs (46, 48, 50, 51) . The gas-liquid phase separation that corresponds to the aggregation line is consequently one of the best indicators of the location of the metastable region. Aggregation occurs readily, and if the focus is to find favorable conditions for crystal growth, even the most efficient methods to measure b 2 cannot compete in time and protein consumption with very simple screening techniques. This justifies the common practice in crystallization screens of adjusting the precipitant concentration around solution conditions leading to aggregate formation (16, 17) . Nevertheless, b 2 has the advantage of providing information on repulsive interactions and the extent of the region over which protein crystallization is possible.
The relation between b 2 and phase behavior is a direct consequence of the central role played by the PMF. Experimentally, the connection between b 2 and protein solubility (92) (93) (94) has been an important recent focus of research. However, because protein crystal solubility is a function of the nature of the solid phase, its relation to b 2 is even more complex than the correlation between b 2 and the aggregation line. The phase behavior of proteins is often associated with crystal solubility, but the results here show that only the aggregation line allows systematic investigation of protein phase behavior. In contrast to crystalline phases, which may not exist under certain solution conditions and for which nucleation is usually highly variable, nonequilibrium phases typically form readily, as evidenced by the results for the different proteins investigated here.
Effects of temperature on protein phase behavior
The results presented in the previous three sections show relatively good qualitative agreement with the theoretical predictions in Fig. 1 . All of these experiments were performed at 23°C and increasing salt concentration, i.e., T* was varied by manipulating e. This is a natural choice as most protein crystallization experiments are conducted isothermally by varying the precipitant concentration. However, the effect of temperature is also investigated here by replicating the phase behavior experiments at 4°C and 37°C. Fig. 13 shows the temperature dependence of the phase behavior of ovalbumin, ribonuclease A, STI, b-lactoglobulin A and B, and lysozyme in ammonium sulfate, and Fig. 14 shows corresponding data for lysozyme in sodium chloride. The seven systems investigated display four different types of behavior. The aggregate solubility of lysozyme increased with increasing temperature in both ammonium sulfate and sodium chloride, whereas ovalbumin and b-lactoglobulin A and B exhibited the opposite behavior, i.e., they displayed retrograde aggregate solubility with increasing temperature. A third type of behavior was observed for ribonuclease A in which aggregate solubility showed a minimum around room temperature. The last type of behavior is that of STI, for which the aggregation line did not depend on temperature.
Lysozyme also exhibited a much stronger temperature dependence in sodium chloride than it did in ammonium sulfate (Figs. 13 and 14) . This observation is consistent with results reported in the literature (23, 30, 32) . The magnitude of the temperature dependence in sodium chloride facilitates the investigation of lysozyme, and this probably contributed to the predilection for studying this particular system as a function of temperature. g-Crystallins (18) (19) (20) and BPTI (37, 38) show the same temperature dependence, but comparison with these results suggests that this behavior is not as common as it may seem.
Overall, the theoretical phase diagram obtained from a short-range Yukawa potential captures some important qualitative aspects of the experimental phase diagrams of proteins. However, the experimental trends as a function of temperature for most proteins investigated here are inconsistent with the theoretical prediction that the protein aggregate solubility should increase with increasing temperature (Fig. 1) . The trends for ovalbumin, ribonuclease A, and b-lactoglobulin A and B are in clear disagreement with the theoretical phase diagram in Fig. 1 . The proteins investigated are not exceptions, as retrograde solubility dependence at high salt concentrations has long been recognized for crystal and aggregate solubilities (4, 10, 95) and for b 2 (96) . Protein salting-in was said by Cohn and Edsall (2) to follow a normal solubility dependence, whereas protein salting-out was then believed to follow a retrograde solubility trend. In this context, the temperature dependence of lysozyme in sodium chloride and ammonium sulfate would have been regarded as unusual.
From a theoretical point of view, retrograde solubility dependence on temperature suggests that a short-range attractive Yukawa potential does not capture all the features important to protein interactions. To reproduce the trend as a function of increasing temperature, it would be necessary to introduce temperature dependence in the PMF. One possible interpretation of the entropic nature of such a contribution would be to attribute this effect to protein hydration forces, i.e., removal of water between protein interfaces on contact formation.
CONCLUSIONS
The theoretical predictions of protein phase behavior based on a simple colloidal model are in good qualitative agreement with the experimental phase behavior studied here for seven proteins at 23°C. In the theoretical framework offered by colloidal physics, protein crystals correspond to the thermodynamic equilibrium, whereas the liquid-liquid phase separation observed for proteins is viewed as a metastable state that occurs in the absence of crystal nucleation. The formation of gels and reversible aggregates is interpreted as two manifestations of the same phenomenon, corresponding to a frustrated liquid-liquid phase separation that can be explained theoretically by the predictions of MCT. The existence, for some proteins, of a second aggregation line is interpreted theoretically as the spinodal line that delimits the region beyond which aggregation occurs by spinodal decomposition instead of nucleation and for which the kinetics of aggregation differ. The results show that only a weak correlation exists between b 2 and the aggregation line and thus between b 2 and protein crystal solubility. Despite their success in explaining the general features of phase behavior, theoretical predictions fail to reproduce the trends as a function of temperature for most proteins. The temperature dependence suggests the importance of entropic effects, probably due to hydration forces that are not included in simple models such as the Yukawa potential. However, the main conclusion is the primary importance in real systems of nonequilibrium states such as liquid-liquid phase separation, gels, and aggregates that correspond to the most common manifestations of protein phase behavior.
